Obesity is a widespread condition associated with a variety of mechanical, metabolic, and physiologic changes that affect both health outcomes and delivery of care. Nutrition support is a key element of management during critical illness known to improve outcomes favorably, but is likewise complicated in the presence of obesity. This review serves to discuss the challenges unique to management of critically ill obese patients and an evidence-based approach to nutrition support in this patient population. Recent findings High-protein, hypocaloric feeding has emerged as a nutrition support strategy capable of reducing hyperglycemia and protein catabolism, while promoting favorable changes in body composition and fluid mobilization. Recent data have shown a protective effect of mild-moderate obesity (BMI 30-39.9 kg/m 2 ), with improved morbidity and mortality outcomes in this subgroup. Therefore, it is unclear whether hypocaloric feeding represents an inferior approach in this subgroup in which weight maintenance may be preferable. Summary There are many obstacles that limit provision of nutrition support in the obese ICU patient. Calculating energy needs accurately is extremely problematic due to a lack of reliable prediction equations and a wide variability in body composition among the obese patients. Further research is needed to determine a better approach to estimating energy needs in this population, in addition to validating hypocaloric feeding as the standard approach to nutrition support in the obese patients.
Introduction
Obesity is a worldwide public health issue with extensive medical, social, and economic consequences [1, 2] . Obesity, which is defined by the presence of excess adiposity, negatively impacts health and increases an individual's risk for developing a variety of medical conditions, including cardiovascular disease, certain cancers, and diabetes mellitus [3] [4] [5] [6] [7] . Over the past three decades, the prevalence of obesity has doubled in the USA [8] . At present, an astounding two-thirds of the US population is overweight and about one-third, or roughly 100 million Americans, are obese [8, 9] . And although the most recent data published in the 2005-2006 update of the National Health and Nutrition Examination Survey (NHANES) suggest that obesity rates have stabilized, others project that the obesity 'epidemic' will only continue to worsen, with as many as 75% of Americans potentially being overweight in the year 2015 [10, 11] . Physicians will undoubtedly encounter obese persons in clinical practice and must, therefore, be able to identify and address care needs specific to this patient population.
Obesity presents the intensive care unit (ICU) team with a unique set of challenges. Not only does the greater frequency of comorbid diseases in this population lead to increased complexity of care, but the physical aspect of severe obesity makes routine elements of nursing care and diagnostic/therapeutic interventions extremely demanding. Nutrition support is a key component in managing critically ill patients, with early and aggressive feeding interventions shown to improve outcomes favorably. Like other aspects of care, feeding also becomes complicated in the presence of obesity. Calculating daily caloric needs remains controversial in this population, and other issues, such as difficulty obtaining central venous access, frequently limit the provision of adequate nutrition support. Hypocaloric feeding shows great promise as a mechanism for blunting hyperglycemia while promoting favorable changes in body composition, though this approach has yet to be fully validated. This article will discuss the nutritional assessment and management of the critically ill obese patient, highlighting some of the challenges in caring for this population.
Defining obesity
Obesity is a chronic condition characterized by the presence of excess body fat. Overweight and obesity definitions in adults are presently based on BMI, a ratio of weight (kilograms) to height (square meters). BMI generally corresponds well to body fat, though there are obvious limitations in using this method with patients at extremes of body composition. The National Heart, Lung and Blood Institute (NHLBI) defines a healthy BMI range as 18.5-24.9 kg/m 2 , overweight as BMI of 25-29.9 kg/m 2 , and obesity as a BMI of more than 30 kg/m 2 [12] . Obesity is further subdivided into classes based on associated health risk: mild (class I) obesity is BMI 30-34.9 kg/m 2 , moderate (class II) obesity is BMI 35-39.9 kg/m 2 , and severe/morbid (class III) obesity is BMI of more than 40 kg/m 2 .
Medical comorbidities of obesity and intensive care unit
Obesity is associated with an increased risk for developing a number of chronic medical conditions (see below) and, therefore, obese individuals are probably at higher risk for hospitalization and ICU admission than the nonobese. One might also expect obesity to be associated with poorer critical care outcomes, given comorbid disease affects the ability to cope with metabolic and physiologic stress, but this relationship remains unclear. Published data are inconsistent, with some studies demonstrating increased morbidity and mortality in obese ICU patients [13] [14] [15] 16 ] and others showing no effect or improved outcomes [17,18,19 ,20 ,21] . Select medical conditions associated with obesity are as follows [3-7]:
( Two recent large-scale meta-analyses both concluded that BMI was not an independent risk factor of mortality outcomes in the ICU, though it was associated with longer ICU stays and increased length of ventilator dependence [18, 19 ] . These reviews are largely based on retrospective analyses, however, and may not represent a true causal relationship. In a rare prospective study, Frat et al. [20 ] compared 82 severely obese (mean BMI, 42 AE 6 kg/m 2 ) and 124 nonobese (mean BMI, 24 AE 4 kg/m 2 ) mechanically ventilated patients and found that obese patients had higher rates of intubation-related complications, but otherwise no significant differences in mortality, length of ICU stay, duration of mechanical ventilation, or infection rates.
Several studies have also suggested that modest obesity may have a protective effect during critical illness. Akkinusi et al. [19 ] found that obesity overall was not associated with ICU mortality [relative risk (RR) ¼ 1.0; 95% confidence interval (CI) 0.86-1. 16 ; P ¼ 0.97], but the mild-moderately obese subgroup actually had improved survival outcomes (RR ¼ 0.86; 95% CI 0.81-0.91; P < 0.001). Yaegashi et al. [13] found that critically ill patients with severe obesity had increased rates of mortality, nursing home admission, ICU complications, and length of stay relative to mild-moderately obese patients. These data support the hypothesis of an 'obesity paradox', in which a modestly increased BMI actually confers a survival advantage to the individual, probably because the benefit of excess adipose tissue (which acts as a reservoir for energy, hormones, and anti-inflammatory mediators) exceeds the negative physiologic consequences of obesity [22] . This dictum does not hold true once BMI is more than 40 kg/m 2 , but has interesting implications when considering overall goals of nutrition support in patients with lesser degrees of obesity.
Metabolic response to critical illness and obesity
Regardless of the inciting cause of injury or illness, there is a common hypermetabolic, inflammatory response to physiologic stress, directed at promoting acute survival, which affects macronutrient (protein, lipid, and carbohydrate) utilization throughout the body [23,24,25 ,26,27] . Obesity is a proinflammatory state and probably lowers the threshold at which these mechanisms become overwhelmed or exaggerated during critical illness.
Stress-induced hyperglycemia is a frequent complication of critical illness and the end-product of increased counterregulatory hormone production (glucagon, glucocorticoids, and catecholamines) and inflammatory cytokine release, leading to accelerated hepatic gluconeogenesis, lipolysis, and peripheral insulin resistance [23, 24, 25 ] . Hyperglycemia during critical illness is associated with poorer outcomes in both diabetic and nondiabetic individuals alike [27, 28] . Given the increased prevalence of diabetes and insulin resistance among the obese patients, it is especially important to include glycemic control into the plan for nutrition support. Care should be taken to avoid iatrogenic hyperglycemia from overfeeding, as administration of excess glucose (calorie) loads can lead to increased lipogenesis, hepatic steatosis, and increased CO 2 production, which in turn increases the work of breathing [23, 25 ] . Insulin infusion is the preferable method to achieve normoglycemia in the ICU setting, especially as insulin absorption may vary in obese patients with substantial amounts of subcutaneous adipose tissue [29 ] . Alternatively, regular insulin can also be added directly to total parenteral nutrition (TPN) solution once requirements are stable.
Fatty acid oxidation and protein utilization
At fasting baseline, obese persons have increased blood levels of hormones and substrate, including amino acids and free fatty acids (FFAs). Elevations in FFA usually signify insulin resistance, which causes increased lipolysis, impaired skeletal muscle FFA oxidation, and reduced suppression of plasma FFA by insulin [30] . Despite having a relative abundance of serum FFAs and triglyceride-rich adipose stores, it appears the obese individuals are ineffective at mobilizing or using these energy sources during critical illness [26, 30, 31] . Although their study has yet to be repeated, Jeevanandam et al. [26] showed major differences in utilization of endogenous fuel sources between starved obese and nonobese trauma patients; lean patients relied largely on fatty acid oxidation for energy [about 61% of resting energy expenditure (REE)], whereas obese patients derived most energy from catabolism of lean mass (only 39% of energy from FFA).
Muscle protein catabolism is a hallmark feature of critical illness, regardless of BMI, with studies showing losses of up to 10-20% of skeletal muscle after 1 week in the ICU [32, 33] . Obese persons have increased amounts of fat-free mass (FFM) over their height-matched lean counterparts, but are more likely to use this muscle mass as fuel during critical illness when fasted, only accelerating the rate of protein losses [26] . FFM (protein) catabolism typically persists despite the provision of nutrition support, though administration of either greater total calories or protein calories has been shown to mitigate its rate and improve nitrogen balance. Hypocaloric, high-protein nutrition is a preferable approach in obese patients, as it can promote endogenous fat oxidation and shift obese patients away from utilization of FFM as the predominant fuel source, while simultaneously inducing favorable changes in body composition [34, 35] . Avoidance of overfeeding is also critical because excess caloric load is associated with increased protein turnover and fat storage [36] .
Initial evaluation of patient
A focused assessment prior to initiation of feeding allows care providers to identify nutritional risk factors and comorbidities that may affect goals, route, and formulation of nutrition support plan.
History
There is often a misconception that obese persons are well nourished or 'over' nourished based on the excess caloric intake typically required to maintain an obese phenotype. 
Assessment of energy requirements
Determining REE is an integral part of the nutrition assessment, allowing the clinician to minimize negative outcomes associated with underfeeding and overfeeding. Unfortunately, calculation of daily energy requirements from REE for hospitalized, obese patients remains challenging, as there is no consensus as to which prediction equation for REE is most accurate in this patient population [37] [38] [39] [40] [41] [42] [43] . Common equations for estimation of energy expenditure are as follows:
( [38] Men: kcal/d ¼ 10 (w) þ 6.25 (h) À5 (a) þ 5 Women: kcal/d ¼ 10 (w) þ 6.25 (h) À5 (a) À 161 (6) Ireton-Jones [39, 40] Ventilator-dependant: Indirect calorimetry remains the 'gold standard' method for measuring REE [44, 45] . However, its use is limited by cost, availability of proper equipment and trained personnel, patient ventilatory status (FiO 2 >60% generally excluded), and ability to use handheld device in nonventilated patients [46] .
When predictive equations must be used, determining how to use an obese person's weight to avoid introducing bias into the calculations is problematic. Using actual body weight is likely to overestimate caloric needs, given that adipose tissue is felt to be less metabolically active than FFM [47, 48] . On the other hand, using IBW will likely underestimate caloric needs because it does not appropriately reflect the increased amount of lean body mass present in the obese patients. Adjustment of weight (see above) to account for these differences estimates that 25-50% of excess mass (actual weight -IBW) is likely to be metabolically active tissue in addition to IBW [49] . This strategy is also flawed and has not yet been adopted for routine use over BMI and IBW [50 ] . [42, 48, [51] [52] [53] [54] [55] . We recommend using the Penn State method in ventilator-dependent obese patients, or HBE with actual body weight and a stress factor (1.1) if the patient is spontaneously breathing. The American Diabetes Association (ADA) recommends against using HBE in ICU patients, but it is better to err on the side of underfeeding the obese and, therefore, not unreasonable to select an equation biased toward underestimation [56] . An alternative method is to provide approximately 21 kcal/kg of actual body weight, a value corroborated by measured REE values in several studies [42, 48, 51] . (Fig. 1) .
Hypocaloric feeding
Initiation of nutrition support in ICU patients is frequently delayed due to prioritization of other aspects of care such as hemodynamic management of shock, stabilization of mechanical ventilation, urgent surgery, or contraindication to placement of access for enteral or parenteral feeding [57] . Additionally, enteral feeding often fails to provide an adequate amount of calories and nutrients in the critically ill population due to patient intolerance of appropriate tube feeding volumes; this is especially true among obese patients, who are at increased risk for having conditions (see above) predisposing to enteral feeding failure.
These are examples of unintentional failure to provide adequate nutrition, whereas 'hypocaloric feeding', refers specifically to permissive underfeeding of a patient and is derived from the classical protein-sparing modified fast [58] . There is no standard method for hypocaloric feeding, but generally involves providing 30-70% estimated daily caloric needs in conjunction with a higher proportion of protein calories (often 50-60% of total calories) in order to minimize glucose loads while sparing lean body mass from catabolism. Calorie-restricted nutrition (even briefly) can markedly improve insulin sensitivity and glycemic control, in addition to preventing metabolic consequences of overfeeding, such as hypercapnea, fluid retention, and hypertriglyceridemia. Weight loss and reduction in fat mass is another beneficial effect of this intervention, but should never be the primary objective for nutrition support during critical illness.
Multiple studies have demonstrated positive outcomes in the ICU related to reduced caloric intake [34, [59] [60] .
Dickerson et al. [34] showed that hypocaloric enteral feeding in obese surgical patients was associated with improved nitrogen balance, shorter length of stay in the ICU, and decreased use of antibiotics. Although their study was not specific to obese patients, Krishnan et al. [59] found improved ICU outcomes, including mortality, return of spontaneous ventilation, and nosocomial sepsis rates among patients receiving approximately 9-18 kcal/ kg/d (33-65% of the ACCP target). The strongest evidence against hypocaloric feeding was provided by Villet et al. [61] , who found a higher rate of infections and poor outcomes associated with increasing negative energy balance in a prospective study of 48 ICU patients. However, only 20 patients (41%) had BMI more than 27 kg/m 2 and therefore findings may not fully represent the obese subgroup. Additionally, negative outcomes may reflect initial starvation, as patients went an average of 3 ICU days before receiving any nutrition support. The 2009 Consensus statement issued jointly by the Society of Critical Care Medicine (SCCM) and the American Society for Parenteral and Enteral Nutrition (ASPEN) endorses hypocaloric feeding of critically ill obese patients with enteral feeds, with the goal to provide no more than 60-70% of target energy requirements or 11-14 kcal/kg actual body weight per day [50 ] . Based on nitrogen balance data from studies on hypocaloric feeding, the ASPEN/SCCM guidelines also recommend administration of protein in the range of at least 2.0 g/ kg IBW per day for class I and II obese patients and at least 2.5 g/kg IBW per day for class III obesity. There are relatively few contraindications to hypocaloric feeding, other than conditions precluding the use of high-protein nutrition, such as progressive renal failure or hepatic encephalopathy, or conditions in which full caloric (dextrose) loads are preferred, including history of hypoglycemia, diabetic ketoacidosis, or severe immunocompromised state. Otherwise, hypocaloric nutrition should always be considered for the obese ICU patient.
Obstacles to nutrition support in obese patients
Care becomes challenging just by virtue of the physical presence of obesity, particularly in individuals with BMI of more than 40 kg/m 2 . Many hospitals have specialized equipment designed for severely obese patients, including wider beds with greater load-bearing capacity and adaptive slings/devices that assist in lifting and mobilizing patients. Some tasks may require multiple team members and/or additional resources/time to accomplish with a severely obese patient, including routine aspects of care, such as changing bed linens, bathing, toileting, or turning a patient [62] [63] [64] . Decreased individual mobility and impaired ability of staff to assist mobility place morbidly obese patients at increased risk for developing skin-fold infections, pressure ulcers, and even aspiration [65] .
Obtaining enteral access for feeding is performed using the same approach as in nonobese patients, but often becomes technically challenging in the obese. Feeding tube placement requiring imaging for guidance is difficult in patients weighing over 300-350 lbs (136-160 kg) due to limits of fluoroscopy or roentogram table. Percutaneous placement of feeding access either surgically or endoscopically is associated with much higher rates of complications in the obese, including hernia, wound infection, and ileus [65, 66] . Likewise, severe obesity often limits the ability to easily obtain central venous access for parenteral feeding due to loss of superficial landmarks that are obscured by subcutaneous adipose tissue; this is especially true for the subclavian site. The internal jugular vein is the preferable site for central line placement in the extremely obese, and use of ultrasound guidance can further assist in accurate location when cannulating the vein. Sedation and Trendelenburg positioning typically used during placement of a central line can significantly impair gas exchange due to reduced functional reserve capacity (especially with worsening degree of central adiposity) and possible airway compromise. Careful monitoring by the ICU team and consideration for consultation with an anesthesiologist prior to line placement is recommended.
Conclusion
Obese patients present ICU clinicians with a unique set of challenges not encountered in less obese patients. Careful consideration must be given to energy and nutrient requirement calculations in this population, as prediction equations for REE are highly unreliable. Indirect calorimetry should always be the preferred method for measuring REE, but when it is unavailable or impractical, the Penn State equation and adjusted HBE have the strongest evidence to support their use. Alternatively, 21 kcal/kg of actual body weight is a reasonable strategy, though this has yet to be validated in practice. Hypocaloric feeding containing at least 2.0 g/kg IBW per day protein (1.3-1.5 g/kg actual weight) is an approach to nutrition support that prevents complications of overfeeding, such as hyperglycemia and fluid retention, while preserving FFM and promoting steady weight loss. Further investigation, including randomized prospective controlled trials, is warranted to validate this method as standard practice for critically ill obese patients, particularly in mild-moderately obese patients in whom maintenance of excess body mass may confer a protective effect.
